Possible models of Yukawa interaction are discussed in the two Higgs doublet model (THDM) under the discrete symmetry imposed to avoid the flavor changing neutral current at the leading order. It is known that there are four types of such models corresponding to the possible different assignment of charges for the discrete symmetry on quarks and leptons. We first examine decay properties of Higgs bosons in each type model, and summarize constraints on the models from current experimental data. We then shed light on the differences among these models in collider phenomenology. In particular, we mainly discuss the so-called type-II THDM and type-X THDM. 
I. INTRODUCTION
The CERN LHC, which is a proton-proton collider with maximal energy 14 TeV, has started its operation [1] . The most important purpose of the LHC is hunting for the Higgs boson, the last unknown particle in the standard model (SM). The Higgs sector is introduced for the spontaneous breakdown of the electroweak gauge symmetry. Weak gauge bosons (W ± and Z) then receive their masses via the Higgs mechanism, and quarks and charged leptons receive their masses through the Yukawa interaction. Because the SM Higgs sector has not been confirmed yet, the possibility of its non-minimal form should also be considered in order to understand the nature of the symmetry breaking. In fact, it is well known that many candidates of physics beyond the SM predict extended Higgs sectors. For example, supersymmetric extensions of the SM have at least two Higgs doublets [2] . Successful models based on dynamical symmetry breaking also may require the non-minimal form as the Higgs sector in the low energy effective theory [3] . In addition, some of new physics models that are intended to solve the problems which the SM cannot explain, such as tiny neutrino masses, essence of dark matter, and baryogenesis, has been built with the extension of the electroweak symmetry breaking sector [4, 5, 6, 7] .
There are two basic experimental constraints which an extended Higgs sector must respect: those on the electroweak rho parameter (ρ) as well as the flavour changing neutral current (FCNC). The measured value of the rho parameter (ρ exp ≈ 1) suggest that the electroweak sector of the model would approximately have a global SU(2) symmetry (the custodial symmetry) which guarantees ρ = 1 at tree level [8] . For this to be satisfied, a possibility of the structure with (multi-) isospin doublets (plus singlets) would be natural as the Higgs sector. In the SM, FCNC phenomena are suppressed due to the electromagnetic gauge symmetry and due to the Glashow-Iliopoulos-Maiani mechanism [9] , so that the experimental bounds on the FCNC processes are satisfied. In models with more than one Higgs doublet, this is not true in general, because two or more Yukawa matrices for each fermion cannot be simultaneously diagonalized. It is well known that, to avoid such Higgsboson-associated FCNC interactions, each fermion should couple to only one of the Higgs doublets. This can be realized in a natural way by imposing a discrete Z 2 symmetry [10] .
In this paper, we discuss phenomenological differences in various models of Yukawa interactions under the discrete Z 2 symmetry in the two Higgs doublet model (THDM). It has been known that there are four patterns of the Yukawa interaction depending on the assignment of charges for quarks and leptons under the Z 2 symmetry [11, 12, 13] . We refer them as type-I, type-II, type-X and type-Y THDMs 1 . The type in the Yukawa interaction can be related to the new physics scenarios. For example, the Higgs sector of the minimal supersymmetric standard model (MSSM) is the THDM with a supersymmetric relation [2] among the parameters of the Higgs sector, whose Yukawa interaction is of type-II, in which only a Higgs doublet couples to up-type quarks and the other couples to down-type quarks and charged leptons. On the other hand, a TeV scale model to try to explain neutrino masses, dark matter and baryogenesis has been proposed in Ref. [7] . In this model the Higgs sector is the two Higgs doublets with extra scalar singlets, and the Yukawa interaction corresponds to the type-X, in which only a Higgs doublet couples to quarks, and the other couples to leptons. Therefore, in order to select the true model from various new physics candidates that predict THDMs (and their variations with singlets), it is important to experimentally determine the type of the Yukawa interaction.
There have been many studies for the phenomenological properties of the type-II THDM, often in the context of the MSSM [2] . On the contrary, there has been fewer studies for the other types of Yukawa interactions in the THDM. The purpose of this paper is to clarify phenomenological differences among these types of Yukawa interactions in the THDM at the LHC and the International Linear Collider (ILC) [15] . We first study the decay rates and the decay branching ratios of the CP-even (h and H) and CP-odd (A) neutral Higgs bosons and the charged Higgs bosons (H ± ) in various types of Yukawa interactions. It is confirmed that there are large differences in the Higgs boson decays among these types of Yukawa interactions in the THDM. In particular, in the case where the CP-even Higgs boson h is approximately SM-like, H and A decay mainly into τ + τ − in the type-X scenario for the wide range of parameter space, while they decay mainly into bb in the type-II scenario. We then summarize constraints on the mass of H ± from current experimental bounds in various types of Yukawa interactions. In addition to the lower bounds on the mass (m H ± ) from CERN LEP and Tevatron direct searches [16, 17] , m H ± can also be constrained by the B-meson
1 The type-X (type-Y) THDM is referred to as type-IV (type-III) THDM in Ref. [11] and the type-I' (type-II') THDM in Ref. [12] . Sometimes the most general THDM, in which each fermion couples to both Higgs doublet fields, is called the type-III [14] . To avoid confusion we just call them as these type-X and type-Y THDMs.
decay data such as B → X s γ [18, 19, 20, 21] and B → τ ν [22, 23] , depending on the model of Yukawa interaction. The B → X s γ results give a severe lower bound, m H ± 295 GeV, at the next-to-next-to-leading order (NNLO) in the (non-supersymmetric) type-II THDM and the type-Y THDM [20, 21] , but provide no effective bound in the type-I (type-X) THDM for tan β 2, where tan β is the ratio of the vacuum expectation values (VEVs) of the CP-even Higgs bosons. We also discuss the experimental bounds on the charged Higgs sector from purely leptonic observables τ → µνν [24] and the muon anomalous magnetic moment [25, 26] .
We finally discuss the possibility of discriminating between the types of Yukawa interactions at the LHC and also at the ILC. We mainly study collider phenomenology in the type-X THDM in the light extra Higgs boson scenario, and see differences from the results in the MSSM (the type-II THDM). We discuss the signal of neutral and charged Higgs bosons at the LHC, which may be useful to distinguish the type of the Yukawa interaction. The feasibility of the direct production processes from gluon fusion gg → A (H) and the associated production from pp → bbA (bbH) is studied and the difference in the signal significance of their leptonic decay channels is evaluated in the type-X THDM and the MSSM. We also consider the Higgs boson pair production pp → AH ± , HH ± , AH and find that the leptonic decay modes are also useful to explore the type of the Yukawa interaction. At the ILC, the process of e + e − → AH is useful to examine the type-X THDM, because the final states are completely different from the case of the MSSM.
In Sec. II, we give a brief review of the types of the Yukawa interactions in the THDM. In Sec. III, the decay widths and the branching ratios are evaluated in the four different types of the Yukawa interactions. Section IV is devoted to a discussion of current experimental constraints on the THDM in each type of the Yukawa interaction. In Sec. V, the possibility of discriminating the type of the Yukawa interaction at the LHC and the ILC is discussed.
Conclusions are given in Sec. VI. The formulae of the decay rates of the Higgs bosons are listed in the Appendix.
II. TWO HIGGS DOUBLET MODELS UNDER THE Z 2 SYMMETRY
In the THDM with isospin doublet scalar fields Φ 1 and Φ 2 with a hypercharge of Y = 1/2, the discrete Z 2 symmetry (Φ 1 → Φ 1 and Φ 2 → −Φ 2 ) may be imposed to avoid FCNC at the lowest order [10] . The most general Yukawa interaction under the Z 2 symmetry can be written as
where
There are four independent Z 2 charge assignments on quarks and charged leptons, as summarized in TABLE I [11, 12] . In the type-I THDM, all quarks and charged leptons obtain their masses from the VEV of Φ 2 . In the type-II THDM, masses of up-type quarks are generated by the VEV of Φ 2 , while those of downtype quarks and charged leptons are acquired by that of Φ 1 . The Higgs sector of the MSSM is a special THDM whose Yukawa interaction is of type-II. The type-X Yukawa interaction (all quarks couple to Φ 2 while charged leptons couple to Φ 1 ) is used in the model in Ref. [7] .
The remaining one is referred to as the type-Y THDM.
The most general Higgs potential under the softly broken Z 2 symmetry is given by (6) where the rotation matrix is given by
There are five physical Higgs bosons, i.e., two CP-even states h and H, one CP-odd state A, and a pair of charged states H ± , and z and ω ± are Nambu-Goldstone bosons that are eaten as the longitudinal components of the massive gauge bosons. The eight parameters 
where P L/R are projection operators for left-/right-handed fermions, and the factors ξ For the successful electroweak symmetry breaking, a combination of quartic coupling constants should satisfy the condition of vacuum stability [27, 28] . We also take into account bounds from perturbative unitarity [29] to restrict parameters in the Higgs potential [30, 31] .
The top and bottom Yukawa coupling constants cannot be taken too large. The requirement
2 < π at the tree level can provide a milder constraint 0.4 tan β 91, where 
III. DECAYS OF HIGGS BOSONS
In this section, we discuss the difference in decays of the Higgs bosons for the types of Yukawa interactions in the THDM. We calculate the decay rates of the Higgs bosons and evaluate the total widths and the branching ratios. In particular, we show the result with sin(β − α) ≃ 1 [32, 33] , where h is the SM-like Higgs boson while the VEV of H is very small or negligible. The decay pattern of h is almost the same as that of the SM Higgs boson with the same mass at the leading order except for the loop-induced channels when sin(β − α) = 1. In this case, H does not decay into the gauge boson pair at tree level, so it mainly decays into fermion pairs 2 . We note that A and H ± do not decay into the gauge boson pair at the tree level for all values of sin(β − α).
The decay patterns are therefore completely different among the different types of Yukawa interactions [11, 12] . For the decays of H and A, we take into account the decay channels 2 In the case with a more complicated mass spectrum a heavy Higgs boson can decay into the states which contain lighter Higgs bosons [34] . We assume sin(β − α) = 1 and m Φ = m H = m A = m H ± . To keep perturbative unitarity for a wide region of tan β, the soft breaking parameter is taken to be M = m Φ − 1 GeV [30] .
The widths strongly depend on the types of Yukawa interactions for each tan β value before and after the threshold of the tt (tb) decay mode opens.
In FIG. 2, the decay branching ratios of H, A and H ± are shown for m Φ = 150 GeV, sin(β − α) = 1, and M = m Φ − 1 GeV as a function of tan β. In the type-I THDM, the decay of H into a gauge boson pair γγ or Zγ can increase for large tan β values, because all the other fermionic decays (including the gg mode) are suppressed but the charged scalar loop contribution to γγ and Zγ decay modes is not always suppressed for large tan β. Such an enhancement of the bosonic decay modes cannot be seen in the decay of A since there is no AH + H − coupling. In the type-X THDM, the main decay mode of H and A is τ + τ − for tan β > ∼ 2, and the leptonic decays τ + τ − and µ + µ − become almost 99% and 0.35% for tan β 10, while the bb (or gg) mode is always the main decay mode in all other cases. In the type-Y THDM, the leptonic decay modes of H and A are rapidly suppressed for large tan β values, and only the branching ratios of bb and gg modes are sizable for tan β > ∼ 10. In charged Higgs boson decays with m H ± = 150 GeV, the decay into τ ν is dominant in the type-I THDM, the type-II THDM and the type-X THDMs for tan β 1, while hadronic decay modes can also be dominant in the type-Y THDM [11] .
In FIG. 3 , we show the decay branching ratios of CP-even Higgs bosons, where m h = 120 interaction. When tan β ∼ 5, the angle α is nearly zero. In such case coupling constants become small, so that some of fermionic decay modes are suppressed. In order to satisfy the unitarity constraints for the large tan β region, the soft breaking mass scale M must be degenerate to the mass of the decaying bosons [30] .
IV. CONSTRAINTS FROM THE CURRENT EXPERIMENTAL DATA ON THDMS
One of the direct signal of the THDM is the discovery of extra Higgs bosons, which have been searched at the LEP and Tevatron [16, 17] . Indirect contributions of Higgs bosons to precisely measurable observables can also be used to constrain Higgs boson parameters. In this section, we summarize these experimental bounds.
A direct mass bound is given from the LEP direct search results as m H 0 92.8 GeV for CP-even Higgs bosons and m A 93.4 GeV for CP-odd Higgs bosons in supersymmetric models. The bound for charged Higgs boson has also been set as m H ± 79.3 GeV [16] .
In the THDM, one-loop contributions of scalar loop diagrams to the rho parameter are expressed as [2] 
where F ∆ (x, y) = 
These relations correspond to the custodial symmetry invariance [35, 36] . This constraint is independent of the type of Yukawa interaction.
When m H ± m t −m b , the top quark can decay into the charged Higgs boson. The decay mode t → H + b has been studied by using the Tevatron data [37] . The partial decay width is calculated by using the factors ξ f A in TABLE II as
where λ(x, y) is defined in Eq. (A5). The higher order corrections can be found in Ref. [38] .
The decay branching fraction strongly depends on the type of Yukawa interaction. In the type-I (type-X) THDM, the decay mode can be sizable only for small tan β. On the other hand, it can also be substantial for the large tan β region in the type-II (type-Y) THDM since the bottom quark Yukawa coupling receives considerable enhancement. This fact gives a lower bound 1 tan β for THDMs and an upper bound tan β < ∼ 60 for the type-II (type-Y) THDM below m H ± < ∼ 130GeV [37] . It has been known that the charged Higgs boson mass in the type-II THDM is stringently constrained by the precision measurements of the radiative decay of b → sγ at Belle [39] and BABAR [40] as well as CLEO [41] not the case in the type-I (type-X) THDM [11] . In FIG. 4 , we show the branching ratio of B → X s γ for each type of THDM as a function of m H ± (left-panel) and tan β (rightpanel), which are evaluated at the next-to-leading order (NLO) following the formulas in Ref. [18] . The SM prediction at the NLO is also shown for comparison. The theoretical uncertainty is about 15% 4 in the branching ratio ( as indicated by dotted curves in FIG. 4 is taken to be 7%, which gives main uncertainty in the branching ratio. is emphasized that the charged Higgs boson could be light in the type-I (type-X) THDM under the constraint from B → X s γ results. We note that in the MSSM the chargino contribution can compensate the charged Higgs boson contribution [44] . This cancellation weakens the limit on m H ± from b → sγ in the type-II THDM, and allows a light charged Higgs boson as in the type-I (type-X) THDM.
We give some comments on the NNLO analysis, although it is basically out of the scope of this paper. At the NNLO, the branching ratio for b → sγ has been evaluated in the SM in Ref. [20, 21] . The predicted value at the NNLO is less than that at the NLO approximation in a wide range of renormalization scale. In Ref. [20] , the SM branching ratio is (3.15 ± 0.23) × 10 −4 , and the lower bound of the m H ± , after adding the NLO charged , and the mass bound is a little bit relaxed.
constrained in the type-I (type-X) THDM even at the NNLO, and our main conclusion that the type-I (type-X) THDM is favoured for m H ± 200 GeV based on the NLO analysis should not be changed.
The decay B → τ ν has been discussed in the type-II THDM [22, 23] . The data for B(B + → τ + ν τ ) = (1.4 ± 0.4) × 10 −4 are obtained at the B factories [42, 45] . The decay branching ratio can be written as [22, 46] 
In FIG. 5, the allowed region from the B → τ ν results is shown in the type-II THDM. The dark (light) shaded region denotes the 2σ (1σ) exclusion from the B → τ ν measurements.
The process is important only in the type-II THDM with large tan β values. The other types of Yukawa interactions do not receive constraints form this process.
The rate for the leptonic decay of the tau lepton τ → µνν can be deviated from the SM value by the presence of a light charged Higgs boson [24] . The partial decay rate is approximately expressed as [22] 
where κ(x) = g(x)/f (x) is defined by f (x) = 1 − 8x − 12x 2 ln x + 8x 3 − x 4 , and g(x) = 1 + 9x − 9x 2 − x 3 + 6x(1 + x) ln x. In the type-II (type-X) THDM, the leptonic Yukawa interaction can be enhanced in the large tan β region. Hence, both the models are weakly constrained by tau decay data, as in FIG. 5.
The precision measurement for the muon anomalous magnetic moment can give mass bound on the Higgs boson in the SM [25] . This constraint can be applied for more general interaction, including THDMs [26] . At the one-loop level, the contribution is given by
This process is also purely leptonic and only gives milder bounds on the 
The contribution from this kind of diagram is only important for large tan β values with smaller Higgs boson masses in the type-II THDM. For the other types of THDM, it would
give a much less effective bound on the parameter space.
V. COLLIDER SIGNALS IN THE TYPE-X THDM AT THE LHC AND THE ILC
We discuss the collider phenomenology of the models at the LHC and the ILC. There have already been many studies on the production and decays of the Higgs bosons in the type-II THDM, especially in the context of the MSSM, while the phenomenology of the other types of THDMs has not yet been studied sufficiently. Recently, the type-X THDM has been introduced in the model to explain phenomena such as neutrino masses, dark matter, and baryogenesis at the TeV scale [7] . We therefore concentrate on the collider signals in the type-X THDM, and discuss how we can distinguish the model from the type-II THDM (the MSSM), mainly in scenarios with a light charged Higgs boson (100 GeV m H ± 300 GeV). (Such a light charged Higgs boson is severely constrained by the b → sγ result in the non-supersymmetric type-II THDM and the type-Y THDM, while it can be allowed in the MSSM and the type-X (type-I) THDM.) As we are interested in the differences in the types of the Yukawa interactions, we focus here on the case of m H ± ≃ m A ≃ m H with sin(β − α) ≃ 1 for definiteness.
A. Charged Higgs boson searches at the LHC
A light charged Higgs boson with m H ± m t − m b can be produced in the decay of top quarks at the LHC. The discovery potential for the charged Higgs boson via the tt production has been studied in the MSSM [37] . Assuming an integrated luminosity of 30 fb −1 , the expected signal significance of the event tt → H ± W ∓ bb → ℓντ ν τ bb is greater than 5σ for m H ± < ∼ 130 GeV for tan β 2 and tan β 20 [37] . The same analysis can also be applied for the type-X THDM, in which a similar number of H ± can be produced when tan β ∼ O(1). The main decay mode (τ ν) is common in the type-II THDM and the type-X THDM, except for very low tan β values. Thus, searching for neutral Higgs bosons is important to distinguish the difference in the types of Yukawa interactions.
For m H ± m t , charged Higgs bosons can be produced in qq/gg → tbH − , gb → tH − [49, 50] , gg (qq) → H + H − [51, 52] and gg (bb) → H ± W ∓ [53] . These processes, except for the H + H − production, are via the Yukawa coupling of tbH − , so that the cross sections are significant for tan β ∼ O(1) or tan β 10-20 in the type-II THDM and only for tan β ∼ O(1) in the type-X THDM. The type of Yukawa interaction in the THDM can then be discriminated by measuring the difference in decay branching ratios of H ± . In the type-II THDM H ± mainly decay into tb, while τ ν is dominant for tan β 10 in the type-X THDM.
B. Neutral Higgs boson (A and H) production at the LHC
At the LHC, the type of the Yukawa interaction may be determined in the search for neutral Higgs bosons through the direct production via gluon fusion gg → A/H [52, 54] , 55, 56] , and also via associated production pp → bbA (bbH) [57, 58] . The production process pp → ttA (ttH) [50, 58, 59] can also be useful for tan β ∼ 1. We discuss the possibility of discriminating the type of the Yukawa interaction by using the production and decay processes of A and H for sin(β − α) = 1. Additional neutral Higgs bosons A and H are directly produced by the gluon fusion mechanism at the one-loop level. When sin(β − α) ≃ 1, the production rate can be significant due to the top quark loop contribution for tan β ∼ 1 and, in the MSSM (the type-II THDM), also for large tan β via the bottom quark loop contributions [52] . Notice that there is no rate of V * V * → A because there is no V V A coupling, and that the production of H from the vector boson fusion V * V * → H is relatively unimportant when sin(β − α) ≃ 1. The associate production process pp → bbA (bbH) can be significant for large tan β values in the MSSM (the type-II THDM) [57] .
In the MSSM (the type-II THDM), the produced A and H in these processes decay mainly into bb when sin(β − α) ≃ 1, which would be challenging to detect because of huge QCD backgrounds. Instead, the decays into a lepton pair τ + τ − (µ + µ − ) would be useful for searches of A (and H). However, the decay branching ratios of A → τ + τ − (µ + µ − ) are less than 0.1 (0.0004). A simulation study [60] shows that the Higgs boson search via the associate production bbA (bbH) is better than that via the direct production from gluon fusion to see both τ + τ − and µ + µ − modes, especially in the large tan β area. The largest background is the Drell-Yan process from γ * /Z * → τ + τ − (and µ + µ − ). The other ones, such as tt, bb and W + jet, also contribute to the backgrounds. The rate of the τ + τ − process from the signal is much larger than that of the µ + µ − one. However, the resolution for tau leptons is much broader than that for muons, so that for relatively small m A (m H ) the µ + µ − mode can be more useful than the τ + τ − mode [61] .
In the type-X THDM, signals from the associate production pp → bbA are very difficult to detect. The production cross section is at most 150 fb for m A = 150 GeV at tan β = 1 [60] , where the branching ratio A → τ + τ − and A → µ + µ − are small, and the produced signals are less for larger values of tan β. On the other hand, the direct production from gg → A/H can be used to see the signal. The cross sections are significant for tan β ∼ 1, and they decrease for larger values of tan β by a factor of 1/ tan 2 β. However, the branching ratios of A/H → τ + τ − dominate over those of A/H → bb for tan β 2 and become almost 100% for tan β 4 ( see FIG. 2 ). Therefore, large significances can be expected around tan β ∼ 2 in the type-X THDM.
In FIG. 6 , we show the expected signal significance of the direct production pp(gg) → A/H → τ + τ − in the type-X THDM and the MSSM at the LHC, assuming an integrated luminosity of 30 fb −1 . The mass of the CP-odd Higgs boson m A is taken to be 150 GeV in both models, while m H is 150 GeV for the results of the type-X THDM and that in the MSSM is deduced using the MSSM mass relation. For the detailed analysis of background simulation, we employed the one shown in the ATLAS TDR [60] . The basic cuts, such as the high p T cut and the standard A/H → τ + τ − reconstruction, are assumed [60] . We can see that, for the search of the direct production, the signal significance in the type-X THDM can be larger than that in the MSSM for tan β 5. In particular, the signal in the type-X THDM can be expected to be detectable (S/ √ B > 5) when tan β ∼ 2 for the luminosity of 30 fb −1 . For smaller values of m A (m H ), the production cross section becomes large so that the signal rate is more significant, but the separation from the Drell-Yan background becomes more difficult because the resolution of the tau lepton is broad. Therefore, the significance becomes worse for m A (m H ) 130 GeV.
When A and H are lighter than 130 GeV, the µ + µ − mode can be more useful than the τ + τ − mode. The resolution of muons is much better than that of tau leptons, so that the invariant mass cut is very effective in reducing the background from γ
The feasibility of the process gg → A/H → µ + µ − has been studied in the SM and the MSSM in Refs. [60, 61] . We evaluate the signal significances of gg → A/H → µ + µ − in the type-X THDM by using the result in Ref. [61] . In TABLE III, we list the results of the significance in the SM and the type-X THDM. According to Tao Han's paper, the basic kinematic cuts of p T > 20 GeV, |η| < 2.5 and the invariant mass cuts as m A/H − 2.24 GeV < M µµ < m A/H + 2.24 GeV are used 6 . The integrated luminosity is assumed to be 300 In summary, we would be able to distinguish the type-X THDM from the MSSM by measuring the leptonic decays of the additional Higgs bosons produced via the direct search
and if the event number is consistent with the prediction in the SM, then we know that the scalar boson is of the SM or at least SM-like: in the THDM framework this means sin(β − α) ≃ 1, assuming that it is the lightest one. Second, under the situation above, when the associated production pp → bbA (bbH) is detected at a different invariant mass than the mass of the SM-like one and no gg → A/H → τ + τ − (µ + µ − ) is found at that point, we would be able to identify the MSSM Higgs sector (or the type-II THDM) with high tan β values. On the other hand, the type-X THDM with low tan β would be identified by finding the signal from the gluon fusion process without that from the bbτ + τ − . If signals from the direct production processes are found but the number is not sufficient, then the value of tan β would be around In this case, it would be difficult to distinguish these models from the above processes. As we discussed in the next subsection, Higgs pair production processes pp → AH ± , HH ± , and AH can be useful to measure the Yukawa interaction through branching fractions, because these production mechanism do not depend on tan β in such a situation.
We have concentrated on sin(β − α) ≃ 1 in this analysis because the parameter is motivated in Ref. [7] . Here we comment on the situation without the condition sin(β − α) = 1.
If sin(β − α) is not close to unity, our conclusion can be modified. The production cross sections of gg → A/H and pp → bbA(bbH) can be enhanced in the type-X THDM for tan β 1 since the factor (sin α/ sin β) of quark-Higgs couplings can be large in a specific region of the parameter space. The signal of the CP odd Higgs boson A can then be significant. On the other hand, the CP even Higgs boson H can decay into W W * when sin(β − α) is not unity. This would reduce leptonic branching fractions. The signal can be enhanced only for large tan β regions because leptonic decays are significant only for such a parameter space.
We also note that H can be produced significantly by the vector boson fusion mechanism in a mixing case. The cross section of pp → HH ± is the same as those of pp → AH ± when sin(β − α) = 1.
C. Pair production of extra Higgs bosons at the LHC
The types of the Yukawa interactions can be studied using the process of[52, 62, 63, 64, 65] and→ Z * → AH [52] , unless the extra Higgs bosons H, A and/or H ± are too heavy NLO QCD corrections are expected to enhance these rates typically by about 20% [62, 64] .
The production rates are common in all the types of THDMs, because the cross sections are determined only by the masses of the produced scalar bosons. Therefore, they are very sensitive to the difference in the decay branching ratios of the produced Higgs bosons. In the MSSM, the bbτ ± ν (bbτ + τ − ) events can be the main signal of the AH ± and HH ± (AH) processes, while in the type-X THDM (tan β 2),
would be the main signal events.
In the MSSM, the parton level background analysis for the AH ± (HH ± ) production process has been performed in Ref. [64, 65] by using the bbτ ν final state. The largest background comes from′ → W g * → W bb, which can be reduced by basic kinematic cuts and the invariant mass cut of bb, as well as by the kinematic cut to select hard hadrons from the parent τ ± from H ± . It has been shown that a sufficient signal significance can be obtained for smaller masses of Higgs bosons [64] .
In the type-X THDM, the produced AH ± (HH ± ) and AH pairs can be studied via the leptonic decays. Hence these channels can be useful to discriminate the type-X THDM from the MSSM. Assuming an integrated luminosity of 300 fb −1 , 8.6 × 10 4 and 5.1 × 10 4 of the signal events are produced from both AH ± and HH ± production for m Φ = 130 GeV and 150 GeV, respectively, where CalcHEP [66] . cuts. Hard hadrons from the decay of τ 's from H + can also be used to reduce the background. In the MSSM, much smaller signals are expected, so that this process can be a useful probe of the type-X THDM.
In a similar way, we may use AH production [52] to identify the type-X THDM. For the At the ILC, we would be able to test the types of the Yukawa interactions via the pair production of the additional Higgs bosons e + e − → AH [52, 67] . In Fig. 9 , the production cross section is shown for √ s = 350, 500, 800, and 1000 GeV as a function of m A assuming m A = m H in the THDM. The production rate is determined only by m A , and m H at the leading order, and is independent of tan β. (In the MSSM, it depends indirectly on tan β via the mass spectrum.) The signal of the type-X THDM can be identified by searching for the events of τ + τ − τ + τ − and µ + µ − τ + τ − . When √ s = 500 GeV, assuming an integrated luminosity of 500 fb −1 , the event number is estimated as 1.6 × 10 4 (1.8 × 10 2 ) in the type-X (type-II) THDM for τ + τ − τ + τ − , and 1.1 × 10 2 (0.6) for µ + µ − τ + τ − assuming m H = m A = m H ± = 130 GeV, sin(β − α) = 1 and tan β = 10. This number does not change much for tan β 3. The main background comes from the Z pair production, whose rate is about 4 × 10 2 fb. The event numbers from the background are then 2.3 × 10 2 for τ + τ − τ + τ − and 4.6 × 10 2 for µ + µ − τ + τ − . Therefore, the signal should be easily detected in the type-X THDM, by which we would be able to distinguish the type-X from the type-II (the MSSM).
The detailed measurement of the masses of additional Higgs bosons and Yukawa coupling constants will make it possible to determine the scenario of physics beyond the SM through the Higgs physics.
VI. DISCUSSIONS AND CONCLUSIONS
We have discussed the phenomenology of the four possible types of Yukawa interactions in the THDM with softly broken discrete Z 2 symmetry. Although the particle contents are the same in these models, their phenomenologies are completely different from each other. In some new physics models, two Higgs doublets (plus singlets) are introduced with a definite type of Yukawa interaction. Therefore, when additional Higgs bosons are discovered, we may be able to distinguish new physics models via the differences between the types of Yukawa interactions.
The differences between the types of the Yukawa interactions largely affect the decay of the Higgs bosons. We have evaluated the decay branching ratios in each type of THDM.
We have then summarized the current experimental bounds on the models from the data of b → sγ, B → τ ν, τ → µνν and measurements of muon anomalous magnetic moment. The charged Higgs boson mass can be light (m H ± m t ) in the type-I and type-X THDMs under these experimental limits. Such a light charged Higgs boson is also possible in the MSSM.
We have discussed the collider phenomenology of the THDMs. For definiteness, we have concentrated on phenomenological differences between the MSSM Higgs sector and the type-X THDM in the case of a light charged Higgs boson. The type-X Yukawa interaction is used in TeV-scale models for neutrino masses, dark matter, and baryon asymmetry. At the LHC, the type-X THDM can be discriminated from the MSSM by searching for the production and decays of the extra Higgs bosons A, H, and H ± , such as gg → A/H → ℓ + ℓ − , pp → bbA (bbH) → bbℓ + ℓ − , where ℓ is τ or µ when sin(β−α) ≃ 1. We also discussed the pair production processes pp → AH ± , HH ± , and AH to test the type-X THDM. These processes would provide distinctive four lepton final states ℓ + ℓ − τ ± ν and ℓ + ℓ − τ + τ − in the type-X THDM, while the MSSM Higgs sector can be tested by bbτ ± ν and bbτ + τ − . Although the realistic simulation study is necessary, the type-X THDM can be identified at the LHC with an integrated luminosity of 300 fb −1 . At the ILC, the type-X THDM is expected to be studied very well by the pair production e + e − → AH. The signal should be four leptons (ℓ + ℓ − τ + τ − ).
We have discussed phenomenological discrimination of the types of Yukawa interactions in the THDM at future experiments. In particular, we have mainly discussed the separation 
